The increasing body weights and the associated increased tumor incidences observed in recent long-term rodent bioassays may adversely affect study sensitivity for detecting rodent carcinogenicity. For example, increasing body weights may result in reduced survival and fewer animals at risk for tumor development. Moreover, the increased control tumor incidences observed in the more recent studies make it more difficult to establish firm baseline values and to use historical control data in the overall evaluation of experimental results. Finally, if dosed animals are significantly lighter than controls within a given study, then it may be more difficult to detect carcinogenic effects for those tumor sites sensitive to body weight changes. One approach to deal with this problem is food restriction, and the recently completed NTP Dietary Restriction Study confirmed that reducing food intake can reduce background tumor rates in control animals. There was also a slight increase in survival (approximately 2 wk on average) in the food restricted animals. However, the experimental protocol that restricted food consumption in both dosed and control groups appeared to have reduced sensitivity for detecting carcinogenic effects relative to the standard NTP protocol. One important, but often overlooked, issue when considering dietary restriction is that tumor incidence profiles may differ for animals of equivalent body weight, depending upon how the reduced body weights were achieved. An evaluation of data from NTP long-term rodent studies and from the NTP Dietary Restriction Study indicates that food restricted animals show a significant reduction in a number of site-specific tumors relative to equivalently sized ad libitum-fed animals. These results suggest that a dietary restriction strategy that focuses on achieving similar body weights in dosed and control groups may produce false positive outcomes if substantially more food restriction is required for control groups than for dosed animals (e.g., if control animals must receive a moderate (15&mdash;20%) degree of food restriction to achieve body weights equivalent to those observed in ad libitum-fed dosed animals). Results from the NTP Dietary Restriction Study also demonstrate that a moderate (15&mdash;20%) food restriction protocol applied equally to dosed and control animals may produce false negative outcomes if the resulting body weights are substantially different in dosed and control groups. Alternative strategies for reducing body weights are
The increasing body weights and the associated increased tumor incidences observed in recent long-term rodent bioassays may adversely affect study sensitivity for detecting rodent carcinogenicity. For example, increasing body weights may result in reduced survival and fewer animals at risk for tumor development. Moreover, the increased control tumor incidences observed in the more recent studies make it more difficult to establish firm baseline values and to use historical control data in the overall evaluation of experimental results. Finally, if dosed animals are significantly lighter than controls within a given study, then it may be more difficult to detect carcinogenic effects for those tumor sites sensitive to body weight changes. One approach to deal with this problem is food restriction, and the recently completed NTP Dietary Restriction Study confirmed that reducing food intake can reduce background tumor rates in control animals. There was also a slight increase in survival (approximately 2 wk on average) in the food restricted animals. However, the experimental protocol that restricted food consumption in both dosed and control groups appeared to have reduced sensitivity for detecting carcinogenic effects relative to the standard NTP protocol. One important, but often overlooked, issue when considering dietary restriction is that tumor incidence profiles may differ for animals of equivalent body weight, depending upon how the reduced body weights were achieved. An evaluation of data from NTP long-term rodent studies and from the NTP Dietary Restriction Study indicates that food restricted animals show a significant reduction in a number of site-specific tumors relative to equivalently sized ad libitum-fed animals. These results suggest that a dietary restriction strategy that focuses on achieving similar body weights in dosed and control groups may produce false positive outcomes if substantially more food restriction is required for control groups than for dosed animals (e.g., if control animals must receive a moderate (15&mdash;20%) degree of food restriction to achieve body weights equivalent to those observed in ad libitum-fed dosed animals). Results from the NTP Dietary Restriction Study also demonstrate that a moderate (15&mdash;20%) food restriction protocol applied equally to dosed and control animals may produce false negative outcomes if the resulting body weights are substantially different in dosed and control groups. Alternative strategies for reducing body weights are briefly discussed, but at present it is unclear which strategy or combination of strategies will ultimately prove to be most effective for dealing with the problem of increasing body weights. Keywords dietary restriction, national toxicology program, rodent carcinogenicity studies, tumor incidence, body weight Control F344 rats in National Toxicology Program (NTP) long-term rodent carcinogenicity studies have shown a steady time-related increase in body weight and a corresponding decrease in survival (Rao et al., 1990; Thurman et al., 1994; Haseman, 1995) . The major reason for this gradual increase in body weight may be the intentional or inadvertent selection of breeding stock for faster growth and earlier reproduction to satisfy user preference for larger rodents at low cost (Rao, 1995) . Similar trends for body weight and survival have also been reported for B6C3F1 mice (Haseman et al., 1994) , Sprague-Dawley rats (Keenan et al., 1994) , and seem to be present in many other commercially available rat strains (Lang, 1991; Keenan et al., 1994; Keenan & Soper, 1995; Pettersen et al., 1996) .
Further, it has been well documented that certain site-specific tumors (most notably mammary-gland tumors in F344 rats and liver tumors in B6C3F1 mice) are correlated with increased body weight (Rao et al., 1987; Haseman & Rao, 1992; Haseman, Hart et al., 1995; Turturro et al., 1995; Seilkop, 1995; Witt et al., 1991) . This is important because reduced body weight associated with chemical administration is a common finding in NTP long-term rodent carcinogenicity studies (Haseman & Johnson, 1996) .
These various factors can adversely affect the sensitivity of the longterm bioassay in several ways. First, the decreased survival results in fewer animals being at risk for tumor development Haseman, 1995) . Many regulatory agencies specify at least a 50% survival rate at 2 yr, and in recent years the survival of control male F344 rats in some NTP studies has been less than 50% (Haseman, 1995) .
Second, the increased tumor incidences observed in the more recent control groups make it more difficult to establish firm baseline values and to use historical control data in the overall evaluation of study results. Finally, and perhaps most importantly, if dosed animals are significantly lighter than controls within a given study, then it may be more difficult to detect carcinogenic effects for those tumor sites sensitive to body weight changes. For example, in the NTP o-nitroanisole study (National Toxicology Program, 1993) , mid-dose female mice showed a substantial increase in liver tumors. However, the high dose, which was associated with excellent survival, had a liver tumor incidence similar to the control rate (Table 1 ). The large body weight reduction observed in the high-dose (NTP, 1993) amaximum of the mean body weights calculated periodically throughout the study. bAverage percent reduction in body weight relative to controls during the study.
'Significant (p < .001) increase relative to controls.
group is likely responsible for the lack of an increased liver tumor response at this dose. If body weight differences are ignored and the middose had not been included in the study design, then this carcinogenic effect would likely have gone undetected. One method for dealing with the problem of increasing body weights is dietary restriction or &dquo;dietary control&dquo; . Although the association between body weight and tumor incidence has long been recognized, only recently has a systematic investigation of the impact of dietary restriction on study sensitivity been carried out. One recent example of such a study is the NTP Dietary Restriction Study, which investigated the effect of dietary restriction on study sensitivity for detecting rodent carcinogenicity for four specific chemicals (Kari & Abdo, 1995) . The purpose of this article is to review briefly the results of this study and to compare tumor incidences in food-restricted animals with tumor rates from comparably sized ad libitum-fed controls in the large NTP database. In particular, this investigation focuses on how tumor incidence may be affected by the manner in which reduced body weight is achieved.
MATERIALS AND METHODS
One source of data used in our evaluation consisted of all NTP 2-yr rodent carcinogenicity studies on the Toxicology Database Management System (TDMS) as of 1 January 1996. There were 84 such studies in F344 rats and 90 studies in B6C3F1 mice. Control data on individual animal body weight, survival, and tumor incidence from 4295 male rats, 4271 female rats, 4607 male mice, and 4581 female mice were evaluated.
Selected dosed groups showing marked body weight reductions were also analyzed. Kari and Abdo (1995) and Abdo and Kari (1996) . The four chemicals studied were butyl benzyl phthalate (male and female rats), salicylazosulfapyridine (male rats and male mice), scopolamine hydrobromide trihydrate (male and female mice), and t-butylhydroquinone (male and female rats; lifetime study only).
&dquo;Weight-matched controls were food restricted as required to achieve body weights comparable to that of the high-dose ad libitum-fed animals.
bFood-restricted control and high-dose groups received an equal amount of food. The amount of food given to these groups was the amount required for the food-restricted controls to maintain a body weight equal to approximately 85% of the body weight of the ad libitum-fed controls.
The other major source of data for our investigation was the NTP Dietary Restriction Study (Kari & Abdo, 1995; Abdo & Kari, 1996) , whose design is summarized in Table 2 . This study included the standard bioassay design with three dosed groups and a control group, all fed ad libitum. However, the study used additional groups to study the impact of body weight differences. These included (1) a control group that was weight matched to the mean body weight of the high-dose ad libitum-fed group, and (2) food-restricted control and high-dose groups. The study design specified that food-restricted control and high-dose groups receive an equal amount of food. The amount of food given to these groups was the amount required for the food-restricted controls to maintain a body weight equal to 85% of the body weight of the ad libitum-fed controls.
Our investigation focused on comparisons of tumor incidence in equivalently sized lighter animals. Reduced body weights could be achieved in three ways: (1) &dquo;naturally&dquo; (i.e., the lighter ad libitum-fed control animals in the NTP database), (2) through food restriction (i.e., the controls from the NTP Dietary Restriction Study), and (3) as a consequence of chemical administration (i,e., dosed animals that were light because of palatability problems, chemical toxicity, etc).
Body weights at three time points (6 wk, 6 mo, and 12 mo) were determined for the food-restricted controls. These three time points were selected because they represent periods prior to tumor development and significant numbers of animal deaths, and are time points that have previously been shown to influence subsequent tumor occurrence (Seilkop, 1995) .
A subset of the NTP control database was then selected that produced animals of equivalent body weight at these three time points. This was accomplished by including in the statistical analysis only those animals in the NTP control database whose body weights fell within specified body weight ranges at 6 wk, 6 mo, and 12 mo. These body weight ranges were selected so that the mean body weights of these animals closely approximated those of the food-restricted controls. Differences in judgment as to the required level of agreement in body weights could have resulted in slightly different choices of body weight ranges and thus slightly more (or fewer) animals in the ad libitum-fed groups for statistical comparison. However, we found that different choices of body weight ranges resulted in only minor changes in tumor rates, and had no significant impact on the results of our evaluation.
Tumor incidences were then compared in food-restricted and equivalently sized ad libitum-fed control animals. Similar tumor incidence comparisons were made for NTP bioassays with marked body weight reductions (but no carcinogenic effects) in the high-dose group. Multiple regression and logistic regression analyses were used to assess the relationship between body weight, tumor incidence, and survival. R E &dquo;-Q-U'--S Table 3 summarizes the body weight, survival, and tumor incidences for F344 rats and B6C3F1 mice in the NTP control (ad libitum-fed) database. These data serve as the reference point for which body weight and tumor incidence effects can be evaluated.
The major results of the NTP Dietary Restriction Study were that (1) ad libitum-fed controls had consistently higher tumor rates and poorer survival than the weight-matched and food-restricted controls;
(2) the protocol that detected the most carcinogenic effects was a comparison of the ad libitum-fed high-dose animals to the weight-matched controls; and (3) the protocol that detected the fewest carcinogenic effects was a comparison of the food-restricted dosed and control groups (Haseman, 1995; Kari & Abdo, 1995; Abdo & Kari, 1996) . These results support the findings of other investigators (Hayashi, 1995) , who have concluded that dietary restriction can reduce the susceptibility of animals to chemical carcinogens and thus increase the false negative rate.
The most striking example of the reduced sensitivity of the food restricted protocol is given in Table 4 . With ad libitum feeding, salicylazo- sulfapyridine (SASP) produced a significant increase in liver tumors in male mice at all doses tested. Use of the weight-matched controls only made this increase more significant, since the control response was reduced. However, in the food-restricted protocol, the high-dose animals were much lighter than the food-restricted controls, and the liver tumor incidence was actually reduced compared with the food-restricted control group. Similar results were found when the study was extended to 3 yr. Note also that 2-yr survival rates were similar in dosed and control groups (Table 4 ). Although it has been suggested that the selection of a top dose for long-term bioassays may be altered under feed restriction conditions (Abdo & Kari, 1996) , no higher dose of SASP could reasonably have been chosen for the food-restricted protocol, since the dose actually used resulted in a >25% reduction in maximum mean body weight in the food-restricted high-dose group relative to the food restricted control group (Table 4) .
Tables 5 and 6 respectively summarize the body weights, survival, and tumor incidences for male and female B6C3F1 mice in the NTP Dietary Tables 7 and 8 give the corresponding information for male and female F344 rats. Although moderate dietary restriction has been reported to increase survival by 3-5 mo in 2-yr studies with Sprague-Dawley rats (Keenan, 1996) , we found only a modest improvement of approximately 2 wk in survival for all 4 sex-species groups in the NTP Dietary Restriction Study (Tables 5-8) . Moreover, 12-mo survival of food-restricted animals ranged from 97% (male mice) to 100%a (female mice), which was similar to the corresponding 12-mo survival of ad libitum-fed controls in the NTP database (Table 3) .
Although, as noted earlier, food-restricted animals had reduced tumor rates relative to ad libitum-fed controls (Tables 5-8), this article focuses on a different comparison: tumor incidences in food-restricted animals and in equivalently sized animals from the NTP (ad libitum-fed) control database. Since group-housed and individually housed mice appear to have differing liver tumor rates (Haseman et al., 1994; Turturro et al., 1995; Seilkop, 1995) , these comparisons for mice were limited to individually housed animals, the protocol used in the NTP Dietary Restriction Study.
These comparisons identified several tumors whose incidences were reduced in the food-restricted mice relative to equivalently sized ad Includes one group originally planned as a weight-matched control group, but actually ad libitum-fed, since the high-dose group showed no decrease in body weight.
bincludes weight-matched controls. 'Significant (p < .05) vs. the corresponding (ad libitum-fed or food-restricted) controls from the NTP Dietary Restriction Study libitum-fed animals in the NTP control database. These tumors included liver tumors (male and possibly female mice), malignant lymphoma (female mice), and pituitary-gland neoplasms (female mice). In contrast, the tumor profiles observed in the ad libitum-fed control mice in the NTP Dietary Restriction Study were found to be similar to those observed in equivalently sized animals in the NTP control database (Tables 5-6 ).
For rats there were also several reductions in tumor incidence in the food-restricted animals relative to ad libitum-fed control animals of the same size (Tables 7-8 ). These tumors include adrenal-gland pheochromocytoma, pituitary-gland neoplasms, and possibly leukemia in male rats (Table 7) , and pituitary-gland tumors in female rats (Table 8) .
What about tumor incidences in light ad libitum-fed dosed animals? To study this matter further, six NTP studies were identified in which there were no carcinogenic effects and for which the body weights observed in the high-dose group of female mice were similar to those Tabie 8. Comparison of tumor incidences in ad libitum-fed and food-restricted female F344 rats aIncludes weight-matched controls. Significant (p < .05) vs. the corresponding (ad libitum-fed or food-restricted) controls from the NTP Dietary Restriction Study. observed in the food-restricted controls in the Dietary Restriction Study. These six chemicals were chloramine, resorcinol, benzyl acetate, o-benzyl-p-chlorophenol, hexachlorocyclopentadiene, and scopolamine hydrobromide trihydrate.
Comparing tumor incidences in dosed and control animals has its limitations, since it is possible that some subtle chemically related carcinogenic (or for that matter, anticarcinogenic) effect may be present in studies interpreted as having no impact on tumor incidence. Further, feed consumption data were unavailable for most of these studies, so it is unclear exactly why the body weights were reduced in these dosed animals. Nevertheless, these animals were ad libitum fed, and the tumor rates in the high-dose animals in these six studies were generally similar to the rates observed in equivalently sized ad libitumfed controls (Table 9 ). However, tumor rates for malignant lymphoma, liver neoplasms, and pituitary-gland tumors were significantly higher in the dosed animals than in equivalently sized food-restricted controls ( Table 9 ). The body weight reductions in the food restricted rat controls in the NTP Dietary Restriction Study were so pronounced that it was not possible to identify a sufficient number of negative NTP studies with equivalently sized dosed animals to carry out a similar analysis for rats. Table 1&reg ;. Comparison of food-restricted and equivalently sized ad libitum-fed animals: Tumors showing evidence of a difference in incidence Note: Based on the results summarized in Tables 5-9 and 11. -~-: Tumor rates significantly lower in food-restricted controls than in equivalently sized animals that were not food restricted. ?: Tumor rates marginally lower in food-restricted controls than in equivalently sized animals that were not food restricted. -: Tumor rates essentially the same in food-restricted controls as in equivalently sized animals that were not food restricted. Table 10 summarizes the specific sites showing significant differences between food-restricted and equivalently sized ad libitum-fed animals.
In all cases tumor incidences were lower in food-restricted animals than in equivalently sized animals that were not food restricted.
DISCUSSION
These findings have important implications for the experimental design of long-term rodent bioassays that impose food restriction. These bioassays generally adopt one of two general philosophies. The first has as its goal the equalization of body weights within a study, and to achieve this goal varying levels of food restriction may be used for each experimental group. This approach implicitly assumes that equivalently sized animals will have equivalent tumor profiles. Examples of this approach are the weight-matched control protocol in the NTP Dietary Restriction Study (Kari & Abdo, 1995; Abdo & Kari, 1996) and the &dquo;idealized growth curve&dquo; approach recently proposed by Food and Drug Administration (FDA) researchers Turturro et al., 1995) . Using this latter approach, a targeted &dquo;idealized growth curve&dquo; is established for each sex and species, and food consumption is restricted as necessary to ensure that animals achieve these idealized body weights.
Our results suggest that there may be problems with such food restriction protocols if substantially different degrees of food restriction are needed to equalize body weights (or if no food restriction at all is used for certain groups, as was the case in the NTP Dietary Restriction Study with food-restricted weight-matched controls and ad libitum-fed high-dose animals). Our results suggest that a protocol that disproportionately food restricts controls more than dosed animals to achieve equivalent body weights may produce false positive outcomes, since differential food restriction appears to disproportionately reduce certain tumor incidences (Table 10 ). Thus, some of the apparent &dquo;increased sen-sitivity&dquo; associated with the use of weight-matched controls in the NTP Dietary Restriction Study may be reflecting false positive outcomes.
The second general philosophy of food restriction is to use moderate (15-30°l0) food restriction regimens applied equally to dosed and control groups, even if such a protocol does not result in animals of equivalent body weight. Examples of this approach are the food-restricted protocol in the NTP Dietary Restriction Study (Kari & Abdo, 1995; Abdo & Kari, 1996) and the food-restricted protocol recommended by Keenan and coworkers (Keenan et al., 1994; Keenan & Soper, 1995; Keenan, 1996) . The results of the NTP Dietary Restriction Study demonstrate that if this food restriction protocol results in dosed and control groups having substantially different body weights, then the study may produce false negative outcomes (i.e., may reduce study sensitivity for detecting carcinogenic effects). For example, food-restricted male mice receiving the high dose of SASP were considerably lighter than equivalently foodrestricted controls and did not show the increased liver tumor incidences observed in ad libitum-fed high-, mid-, and even low-dose SASP animals (Table 4) .
To eliminate body weight as a confounding factor in the SASP study, we compared liver tumor rates in three groups: (1) food-restricted highdose SASP male mice; (2) food-restricted male mouse controls in the scopolamine hydrobromide trihydrate study (which fortuitously had approximately the same body weight); and (3) comparably sized ad libitumfed controls from the NTP control database. We found that the liver tumor rate in the food-restricted high-dose SASP group, while slightly greater than the rate seen the food-restricted scopolamine hydrobromide trihydrate controls, was lower than the rate observed in equivalently sized ad libitum-fed controls (Table 11 ). Neither of these differences were statistically significant. These data provide further evidence that Using the NTP control database, Seilkop (1995) derived statistical models to predict control tumor incidence in rats and mice as a function of 12-mo body weight and survival for selected site-specific tumors. While these models generally work very well, they may be less accurate when they are extrapolated to animals of extremely low (or high) body weights, since there are relatively few such animals in the database used to derive the model. Nevertheless, application of the Seilkop model to the high-dose food-restricted SASP male mice (Table 11) predicts a liver tumor incidence of approximately 19% for equivalently sized controls. This compares to the 18% rate actually observed in the foodrestricted high-dose SASP group, again supporting the view that food restriction masked the SASP effect on liver tumor incidence in male mice.
In contrast, application of the Seilkop model to the data of Table 1 indicates that control female B6C3F1 mice with survival and body weight similar to the high-dose o-nitroanisole group would have been expected to have had a liver tumor incidence of only 10%. Thus, the 40% liver tumor rate actually observed in the high-dose group, while not statistically significant relative to the 34% concurrent control rate, is statistically significant if body weight differences are taken into account via the Seilkop model.
The likelihood of success for the two general approaches to food restriction would be increased if equivalent body weights could be achieved without substantial differences in food restriction or if equivalent food restriction could produce body weights that are similar in dosed and control groups. In these instances, the improved survival and reduced background tumor rates associated with lower body weight may well result in increased study sensitivity. However, to our knowledge there are no definitive data from 2-yr bioassays to confirm such a hypothesis.
While some investigators strongly endorse dietary restriction (Keenan & Soper, 1995; Keenan, 1996) or dietary control Turturro et al., 1995) , there are alternative strategies for reducing body weight. While a discussion of such strategies is beyond the scope of this article, the more important of these (which are currently being pursued by the NTP) include changing the formulation of the diet and requiring animals with slower growth rates from the breeder. While these strategies may not have as immediate an effect on body weight and tumor incidences as dietary restriction, they have the advantage of treating the underlying cause of the problem rather than the symptoms (Rao, 1995) . If no consideration is given to dealing with the underlying cause of the continuing trend toward increased body weight, future studies will likely require ever-increasing degrees of food restriction to bring animal body weights down to an acceptable level.
It is too soon to evaluate fully the impact of the NTP protocol changes on tumor incidence and body weights in long-term bioassays. However, the various strategies for reducing body weight (including dietary restriction) are not mutually exclusive, and some combination may ultimately prove to be the best approach to increase survival and stabilize body weights and tumor rates. However, at present the most effective strategy or combination of strategies for dealing with this problem is unclear.
